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Abstract 
A better understanding of ion-transport mechanisms requires separate information on the 
equilibrium (partitioning) and kinetic (diffusivity) properties of the membranes with respect to 
ions. This work presents a novel non-stationary-diffusion method to determine salt diffusion and 
partitioning coefficients under (quasi)-linear conditions of relatively small concentration 
differences.  
An ion-exchange membrane supported by a relatively thick coarse-porous support (glass frit) is 
placed in a two-compartment stirred cell. The salt concentration in one compartment is kept 
stationary during the measurement whereas in the other compartment, the initial solution is 
rapidly replaced by a solution of different concentration. As a result, there is a time-dependent 
electrical response due to a progressive redistribution of applied concentration difference 
between the membrane and the porous support and the different ion perm-selectivities of those 
media. A mathematical model is developed to interpret the data. The rate of signal relaxation is 
primarily controlled by the diffusion permeability of the membrane but is also affected by the 
salt partitioning. In addition, osmotic trans-membrane volume transfer has a significant impact 
on the relaxation process, so it needs to be taken into account. The osmotic permeability has 
been determined in separate measurements. 
Systematic studies have been carried out at various NaCl concentrations with Nafion 120 and 
type 10-Fujifilm ion-exchange membranes. The results obtained for Nafion 120 are in agreement 
with the literature data. This approach allows for a relatively simple determination of salt 
permeability and partitioning coefficient in addition to the ion perm-selectivity, which is the only 
parameter available from the conventional measurements of stationary membrane potential. 
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partitioning; salt diffusion permeability  
1. Introduction 
Ion-exchange membranes are central elements of electro-membrane processes [1–7]. 
For their optimization, it is important to have detailed information on the transport and 
equilibrium properties of ion-exchange membranes, in particular, separate information 
on the equilibrium (partitioning) and kinetic (diffusivity) properties of the membranes 
with respect to ions. The partition coefficient of an ion refers to its distribution between 
the membrane and the solution whereas the diffusivity coefficient is related to the ion 
mobility in the membrane [8]. 
Stationary techniques of membrane characterization such as membrane potential or DC 
electrical resistance provide only information on ionic permeabilities, which are 
products of partitioning and diffusion coefficients [9]. As the steady state permeability 
involves both properties, by knowing one of them the other can be calculated [10]. 
Equilibrium salt sorption can be measured via salt desorption using standard methods 
or advanced techniques such as attenuated total reflection Fourier transform infrared 
spectroscopy (ATR-FTIR) [11–14], Rutherford backscattering spectrometry (RBS) [15,16] 
or quartz crystal microbalance (QCM) sensors [17]. On the other hand, diffusivity may 
be measured using tracer-based techniques such as pulsed-field gradient nuclear 
magnetic resonance (PFG-NMR) [18,19]. Moreover, electrochemical impedance 
spectroscopy (EIS) has been used to determine both partitioning and diffusivity 
coefficients in the case of electroactive solutes [20]. 
Non-stationary diffusion in principle allows for separate determination of those 
properties for a diffusing species from interpretation of a single time-resolved 
measurement [21]. However, the typical use of pure solvent in the receiving 
compartment (needed to reliably detect initially small concentration changes) [22] 
implies large trans-membrane salt-concentration differences and strongly non-linear 
diffusion that would complicate the interpretation in the case of ion-exchange 
membranes whose diffusion permeability is a strong function of salt concentration. Non-
stationary diffusion of radiotracer ions [8,23] can provide information on the ion 
diffusivity and partitioning from which the salt-related properties can be calculated. 
However, the use of radiotracers is possible only in certified laboratories. Besides, 
suitable radiotracers are available only for some ions. 
A different approach based on time-resolved measurements consists in measuring the 
electrical response to a sudden change in the electrolyte concentration at one of the 
membrane sides [24–26]. Sørensen and Compañ developed a method to determine ion 
transport numbers within a surface layer of a membrane by measuring initial-time 
membrane potential. Once the membrane was equilibrated with an equilibrium 
solution, one of the membrane faces was exposed to a non-equilibrium solution and the 
membrane potential was measured immediately. Initially, the concentration gradient 
remained localized within a surface layer of the membrane. Therefore, the electrical 
response was controlled by the ion transport numbers within a narrow surface zone and 
could be estimated for each face of the membrane. The initial time method was used to 
evaluate the asymmetry between the two faces of a membrane and conclude if it was 
homogeneous or not.  
Later, refs.[27,28] pointed out a problem related to the solution replacement technique 
(as implemented in [24–26]), which is the presence of an unstirred layer at the 
membrane surface that does not allow for a change in the electrolyte concentration 
directly at the membrane surface but only at the external surface of a boundary layer. 
For nanofiltration membranes studied in [27,28] the characteristic relaxation time of the 
initial signal could be as short as a couple of milliseconds, so in the presence of an 
unstirred layer it was impossible to measure the initial membrane-potential values. 
Therefore, refs.[27,28] introduced an alternative approach to the rapid concentration 
change at the membrane surface (touching the membrane surface with a pendant drop). 
However, in the case of ion-exchange membranes, the relaxation of initial signal takes 
tens of seconds since these membranes are relatively thick compared with the active 
layers of nanofiltration membranes. Therefore, the solution replacement can be 
implemented simply via evacuating an equilibrium solution and replacing it with a non-
equilibrium one. 
In this study, the electrical response to this is measured for a membrane supported by 
a relatively coarse-porous material. The different ion perm-selectivities of the 
membrane (thin and relatively dense) and porous support (thicker and much more 
porous than the membrane) make the response time-dependent due to the progressive 
redistribution of applied concentration difference between those two media. The 
porous support was characterized in separate measurements in terms of porosity and 
effective salt diffusivity needed for the interpretation of the results. Experimental data 
is fitted to a mathematical model that describes transient transport phenomena 
including osmosis, which has noticeable impact on the measurements (see Supporting 
information for detailed information. 
First, the new procedure is applied to a membrane (Nafion 120) that has been previously 
extensively characterized by using well-established conventional techniques. The results 
will be compared with the literature to validate the new method. Further on, the 
method will be implemented for a range of NaCl concentrations to obtain information 
on concentration dependences of properties of a novel ion-exchange membrane (Type 





The present work considers a system consisting of a membrane and a porous support 
placed in a two-compartment cell. Initially, both compartments are filled with a base 
solution of concentration 𝑐0; the membrane and the porous support are equilibrated 
with this solution. Suddenly, the solution facing the membrane is replaced by a solution 
of a different concentration, 𝑐𝑠𝑡𝑒𝑝.  
Fig.1 shows an example of non-stationary concentration profile occurring some time 
after a concentration step in a system formed by a membrane and a porous support as 
described. Lm, Ls are the thicknesses of membrane and porous support respectively. 𝑐𝑖 
is the salt concentration at the membrane/porous support interface. 
 
 
Fig.1 Non-stationary salt-concentration profile 
 
The diffusion process occurs through a large chemical resistance (thin and relatively 
dense ion-exchange membrane) into a large chemical capacity (the porous support), 
which is much more porous and thicker than the membrane. In this way, there is a 
progressive redistribution of applied concentration difference between the membrane 
and the porous support. Due to the different ion perm-selectivities of those media this 
gives rise to a time-dependent electrical response. 
Another important phenomenon occurring in the system is osmosis. Some estimates 
concerning the influence of osmosis are presented in Supporting information. There is 
an osmotic flow, 𝐽𝑣, transporting water in the opposite direction to the salt transport: 
𝐽𝑣 = −𝐾 ∗ (𝑐𝑠𝑡𝑒𝑝 − 𝑐𝑖)               (1) 
where 𝐾 is the osmotic permeability defined as: 
𝐾 = 𝜈𝑅𝑇𝜒(1 − 𝑇𝑚)                                        (2) 
where 𝜈 is the stoichiometric coefficient,𝑅 is the gas constant, 𝑇 is the absolute 
temperature, Tm is the transmission coefficient and 𝜒 is the mechanical permeance. 
Taking into account both transport phenomena, the salt mass balance in the membrane 













+ 𝐽𝑣𝑇𝑚𝑐𝑚]             (3) 
where 𝛼𝑚 is the chemical capacity in the membrane, 𝑐𝑚 is the virtual salt concentration 
[29] in the membrane, 𝐷𝑚 is the salt diffusivity in the membrane, 𝛾 is the salt activity 
coefficient in the virtual solution, 𝑥  is the longitudinal coordinate  (0 < 𝑥 < 𝐿𝑚) and 𝑇𝑚 
is the salt transmission coefficient.  
The chemical capacity is a quantitative measure of how much salt has to be added to a 
unit of volume of a medium to change the salt chemical potential by a unit [30]. This 
property is related to the partition coefficient of either of the ions, Γ± as  
𝛼𝑚 = 𝛤±(1 +
𝑑𝑙𝑛𝛤±
𝑑𝑙𝑛𝑐
)                (4) 
It can be shown that due to the electroneutrality of membrane phase using either of 
ions gives the same result. 
Eq. (3) has to be solved numerically with the following initial and boundary conditions: 







             (5a) 
𝑐𝑚|𝑥=𝐿𝑚 = 𝑐𝑖               (5b) 
      
The first of these conditions approximates numerically the concentration step in the 
non-equilibrium compartment, where 𝑡𝑠𝑡𝑒𝑝 is the numerical step duration, assumed to 
be 0.001s in the present work.  













+ 𝐽𝑣𝑐𝑠]               (6) 
 
In this case 𝛼𝑠 is the chemical capacity in the porous support (which is equal to the 
porosity), 𝑐𝑠 is the salt concentration in the porous support, 𝐷𝑠 is the salt diffusivity in 
the porous support, 𝑥  is the longitudinal coordinate (𝐿𝑚 < 𝑥 < (𝐿𝑚 + 𝐿𝑠)) and the 
corresponding boundary conditions are: 
𝑐𝑠|𝑥=𝐿𝑚 = 𝑐𝑖                (7a) 
           
𝑐𝑠|𝑥=(𝐿𝑚+𝐿𝑠) = 𝑐0              (7b) 
       
Eqs. (3) and (6) are a system of partial differential equations (PDE) that can be solved 









𝑏 − 1)𝑙𝑛 (
𝑎𝑖
𝑎0
)]                        (8) 
where R is the ideal gas constant, T is the absolute temperature, F is the Faraday 
constant, a is the activity, 𝑡+
𝑏  is the transport number of cations in the porous support 
and 𝑡+
𝑚 is the transport number of cations in the membrane. The transport number of 
cations in the porous support is assumed to be equal to the transport number in the 
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Initially the whole concentration gradient is located on the membrane. Therefore, the 
transport number of positive ions in the membrane,𝑡+












+ 1]                          (10) 
where 𝜑0 is the initial value of electric-potential difference occurring just after the 
solution replacement. 
The described model has been validated using several approaches (see Supporting 
information). 
3. Experimental materials and methods 
Materials 
Experimental data have been obtained with two different ion-exchange membranes: 
Nafion 120 (DuPont) and Type 10 kindly provided by Fujifilm Manufacturing Europe BV 
(The Netherlands). Membranes were supported by porous glass frit discs of 25mm in 
diameter having a non-porous peripheral edge (the porous part is 19mm in diameter, 
see Fig. 2b), 3.65mm of thickness and average pore size of 10-16µm supplied by Duran 
Group (Germany). Electric potential difference was measured with Ag/AgCl reference 
electrodes with salt bridges filled with KCl 3M (Metrohm, Switzerland). The chemical 
reagents were of analysis grade. 
Measurements of transient-membrane potential after concentration step 
Nafion 120 membranes were conditioned in boiling water for 30 min. Membranes were 
equilibrated overnight with the solution of base concentration, C0. Equilibrated sample 
is placed along with the porous support in a two-compartment cell (Fig. 2a). All the 
measurements were performed at room temperature. At the start, the two 
compartments are filled with the base solution and a measuring electrode is located in 
each compartment. The salt concentration on the porous support side (equilibrium 
compartment) is kept constant during the measurement. Once the measured electric 
potential between the two compartments is constant, the solution in the compartment 
facing the membrane is replaced by the non-equilibrium solution of concentration 𝐶𝑠𝑡𝑒𝑝. 
The equilibrium solution is sucked out by a syringe, a process that takes typically around 
10 s, whereas the new solution is just poured from a beaker. Measurements were 
performed for several base concentrations and the ratio 𝐶𝑠𝑡𝑒𝑝 to 𝐶0 was 2 in all cases. 
The solution in the non-equilibrium compartment was stirred using a magnetic stirrer to 









Fig. 2 a) Drawing of the cell and b) glass frit used as a porous support 
Measurement of osmotic permeability 
Osmotic permeability was determined for the Type 10 Fujifilm membranes only. A 
membrane disk of 25mm in diameter is placed in a two-compartment stirred cell. One 
compartment (contains the more dilute solution) is open and the other one is closed 
and equipped with a graduated pipette to measure changes in the volume as a function 
of time due to the osmotic flow. The membrane was equilibrated overnight with a 
solution having concentration between dilute and higher-concentration solutions. 
Solutions were pre-heated moderately in order to remove dissolved air to avoid 
formation of bubbles during the measurement. 
The slope of linear dependence of half-cell volume on time gives the osmotic flux, 𝐽𝑣. 
The osmotic permeability, 𝐾, was calculated as the ratio of osmotic flux and corrected 
concentration difference taking into account deviations from solution ideality by means 




              (11) 
where 𝑐 is the salt concentration and the subscripts 1 and 2 denote the lower and higher 
concentration respectively. 
The osmotic permeability was determined for the same concentration pairs 𝐶0 − 𝐶𝑠𝑡𝑒𝑝 
as used in the transient membrane potential measurements. 
Glass frit characterization 
For the interpretation of measurements of transient membrane potential, we need to 
know the porosity of and effective salt diffusion coefficient in the glass frit used as the 
porous support. They were determined in the following way. 
First, the porosity was determined gravimetrically. A glass frit was immersed in distilled 
water, water from the surface was removed and the mass of the wet disc was recorded. 
Then, the disc was dried in an oven until the mass of the disc was stable. This procedure 
was repeated four times and the result is the average of the measurements. The porosity 







             (12) 
where 𝑚𝑤 and 𝑚𝑑 are the wet and dry masses respectively, 𝑑𝑓 is the diameter of the 
porous part, 𝛿 is the thickness and 𝜌𝑤 is water density. 
The effective salt diffusion coefficient in the glass frit was estimated indirectly via AC 
electrical resistance. The measured resistance was compared to the electrical resistance 




              (13) 
where 𝐴 is the cross-sectional area of the porous part, 𝐿 is the thickness and 𝜎 is the 
conductivity. It is assumed that diffusivity reduction factor is the same as conductivity 
reduction. 
A glass frit disc was sandwiched between two pieces of a stainless steel net (Dexmet 
corporation, USA) used as electrodes and the AC electrical resistance was measured with 
a sourcemeter (2400 Series SourceMeter, Keithley Instruments). 
Modelling procedure 
The procedure to fit the experimental data to the model described above is as follows. 
1. Obtain the values of diffusion coefficient for each ion (𝐷+, 𝐷−) and the activity 
coefficient (𝛾0, 𝛾𝑠𝑡𝑒𝑝) 
2. Determine the transport numbers in the membrane (𝑡+
𝑚) and in the bulk solution 
(𝑡+
𝑏) using Eqs. (9), (10) respectively 
3. Solve numerically the PDE system formed by Eqs. (3), (6). In this work, MATLAB 
and pdepe function to solve initial-boundary value problems for systems of 
parabolic and elliptic PDEs has been used.  The concentration dependence of salt 
activity coefficient was taken from the literature [32]. The necessary values of 
𝛼𝑠, 𝐷𝑠, 𝐿𝑠 were determined from the porous-support characterization, 𝐿𝑚 was 
measured with a digital caliper and 𝐾 was obtained from the osmotic 
permeability measurements. The values of 𝛼𝑚, 𝐷𝑚, 𝑇𝑚 are initially guessed to 
start the resolution 
4. A time-dependence of 𝑐𝑖 is obtained from the previous step and the activity 
coefficient 𝛾𝑖 is determined for each time. This concentration time-dependence 
is converted in membrane potential 𝜑𝑚𝑜𝑑𝑒𝑙 using Eq. (8) 
5. The function 𝜑𝑚𝑜𝑑𝑒𝑙 is compared with the time-dependence potential obtained 
experimentally, 𝜑𝑒𝑥𝑝. The model parameters 𝛼𝑚, 𝐷𝑚, 𝑇𝑚 are iteratively changed 
until the percentage difference between both values is below 1% 
6. Finally, partitioning coefficient 𝛤± can be calculated from chemical capacity 𝛼𝑚 
by means of Eq. (4) 
 
 
Fig. 3 Modelling procedure diagram to obtain model parameters 𝜶𝒎, 𝑫𝒎, 𝑻𝒎 from the 
experimental data 
4. Results and discussion 
Glass frit properties 
Table 1 shows the properties of the glass frit. In the case of diffusion coefficient 
estimation in the glass frit, it was assumed that the modification in its electrical 
resistance compared to the free solution layer of the same geometry is the same as the 
increase in its diffusion resistivity. This assumption is quite realistic taking into account 
the relatively large pore size of the glass frit. The ratio between glass frit resistance to 
free solution resistance was 10.68 ± 0.26. Therefore, taking into account the salt 
diffusivity of NaCl solution (1.62·10-9 m2/s) the effective diffusion coefficient in the glass 
frit was set at 1.5·10-10 m2/s. 
Table 1 
Properties of porous support 
𝜶𝒔 𝑫𝒔 (m
2/s) Pore size (µm) 𝑳𝒔 (mm) 
0.34 ± 0.00 1.5·10-10 10-16 3.7 
 
Osmotic permeability determination 
Fig.4 shows a typical time evolution of volume transferred by osmosis.  
 
Fig.4 Time dependence of closed half-cell volume in measurements of osmosis using 
CEM type 10 membrane and 1M-2M NaCl 
The slope of volume vs. time dependence gives the osmotic flux, which has been 
determined for both anion and cation exchange membranes for a concentration range 
always using the same concentration pairs as in the measurements of transient 
membrane potential. 
 
Fig.5 shows the osmotic flux as a function of lower concentration. Expectedly, the higher 
is the concentration, the larger is the osmotic flux. It can also be seen that the osmosis 
is noticeably stronger in CEM than in AEM.  
 



















Table 2 presents the osmotic permeability calculated as the ratio between the measured 
osmotic flow and the concentration difference (corrected for the solution non-ideality). 
These values have been used in the model validation (see previous section) and will be 
used for the fitting of time dependences of transient membrane potential below. 
 
Table 2 
Osmotic permeability of cation and anion exchange membrane type 10. C0 is the lower 





0.05 1.25± 0.59 0.47±0.20 
0.158 1.02±0.11 0.98±0.14 
0.25 1.46±0.16 1.21±0.06 
0.5 0.93±0.04 0.77±0.02 
0.75 0.66±0.02 0.53±0.02 
1 0.84±0.0005 0.69±0.02 
 
Estimates of effective salt diffusion and partitioning coefficients 
Fig.6 shows a typical example of measurement of transient-membrane potential after 
concentration step with Nafion 120 membrane. All the presented results are averages 











Fig. 6 Experimental time evolution of membrane potential for Nafion 120, 𝑪𝟎 = 𝟎. 𝟓𝑴 
NaCl 
As can be seen from Fig.6, when the solute concentration is suddenly changed at the 
membrane surface, an initial potential difference remains practically constant for a 
certain period of time. This is because in macroscopically homogeneous membranes 
transmembrane electric-potential difference is independent of shape of salt-
concentration profile. Accordingly, the signal evolution begins only when the salt 
concentration at the interface starts to change. The diffusion occurs through a large 
chemical resistance, which is the thin and relatively dense ion-exchange membrane, into 
a large chemical capacity, namely the porous support, which is much more porous and 
thicker than the membrane. The  salt chemical potential at the membrane/support 
interface remains practically constant until the chemical capacity of the adjacent part of 
the support is noticeably charged [28]. This explains why the initial period of constant 
signal is relatively long. 
 
After that, the response becomes time-dependent because of progressive redistribution 
of applied concentration difference between the membrane and the porous support and 
the different ion perm-selectivities of those media. The pattern of signal relaxation is 
primarily controlled by the diffusion permeability of the membrane but is also affected 
by the salt partitioning coefficient. In addition, osmotic trans-membrane volume 
transfer has a considerable impact on the relaxation process (see Supporting 
information for detailed information). 
From the initially-constant signal one can determine the ionic perm-selectivity of the 


































𝑏       (14) 
where 𝑡 is the transport number calculated from the initial membrane potential with Eq. 
(10). The superscripts m, b refer to the membrane and bulk-solution phases. 
Measurements are performed for Nafion 120 membranes at different values of base 
concentration 𝐶0 and effective salt diffusion and partition coefficients are determined 
by fitting the experimental data to the mathematical model as described above (see 
Fig.3). The osmotic permeability was estimated from the osmotic flow data published 
by Narebska et al [34]. The obtained results will be compared with the literature to 
validate the suggested procedure. 
Fig. 7 shows the experimental data collected at several base solution concentration 𝐶0. 
The ratio 𝐶𝑠𝑡𝑒𝑝/𝐶0 was kept at 2 in all the measurements. Each individual measurement 
was fitted separately and the averages of the obtained fitted parameters for each base 
concentration are presented as the results. Fig. 7 also presents the theoretical curves 
obtained in each case. It illustrates mostly excellent quality of the theoretical fits. It can 
also be seen that the initial membrane potential decreases (in absolute value) with 
concentration, which indicates that the electrochemical perm-selectivity decreases with 
concentration. This has been typically observed for ion-exchange membranes [27]. 
 
 
Fig. 7 Time evolution of trans-membrane potential for various base concentrations, C0 , 
for Nafion 120. 𝑪𝒔𝒕𝒆𝒑 is always two times higher than 𝑪𝟎. Dots represent experimental 
data and solid lines are the theoretical fits 
 
The average values of partition and effective diffusion coefficients obtained from the 

































Fig. 8 and compared with the data published in the literature [34,35]. In all cases the 
results are quite similar, so the presented method is validated.  
 
 
Fig. 8 Partition and diffusion coefficients obtained in this work for Nafion 120 
membrane compared with the literature [34,35] 
 
Now, the same procedure is applied to two different novel membranes, one cation- and 
another anion-exchange. Sample measurements for both type 10 Fujifilm membranes 
are presented in  
 
Fig.9. CEM type 10 shows a behaviour quite similar to Nafion 120 whereas AEM type 10 





















































Fig.9 Experimental time evolution of membrane potential for type 10 Fujifilm cation 
and anion exchange membranes for 𝑪𝟎 = 𝟎. 𝟓𝑴 NaCl 
The effect of variation of base concentration, 𝐶0, has been studied in the concentration 
range between 0.05M and 1M NaCl keeping again 𝐶𝑠𝑡𝑒𝑝 always two times higher than 
the base solution concentration 𝐶0 and the results are presented in Fig.10. Along with 
the experimental data, Fig.10 also shows the theoretical fits obtained for each curve, 
whose quality is quite good in all the cases. It also can be seen that the initial membrane 
potential decreases (in absolute value) with concentration but this dependence is 
relatively weak in the case of CEM, whereas for AEM it is stronger. This decrease has 
also been observed in the measurements with Nafion 120, which is due to the decrease 
in electrochemical perm-selectivity with concentration observed in ion-exchange 
membranes as explained above. This is reflected in the counter-ion transport numbers 





Fig.10 Time evolution of trans-membrane potential for various base concentrations,  C0 
, for Type 10 Fujifilm membranes: a) CEM and b) AEM. 𝑪𝒔𝒕𝒆𝒑 is always two times higher 
than 𝑪𝟎. Symbols represent experimental data and solid lines are the theoretical fits 
 
Table 3 





0.05 1.007 ± 0.007 0.979 ± 0.003 
0.158 1.002 ± 0.003 0.948 ± 0.008 
0.25 0.978 ± 0.011 0.939 ± 0.009 
0.5 0.985 ± 0.005 0.896 ± 0.004 






































































1 0.943 ± 0.007 0.842 ± 0.004 
 
Fig.10 also shows that the characteristic relaxation time decreases when the base 
concentration increases. A shorter relaxation time implies higher diffusion permeability, 
so this should increase with the salt concentration. 
The values of partition, effective salt diffusion and transmission coefficients and perm-
selectivity obtained from the fitting are shown in Fig.11 for CEM and in Fig.12 for AEM. 
In both cases there are increasing trends in the partition and effective salt diffusion 
coefficients with the base concentration, which is in agreement with the Donnan 
exclusion of co-ions from ion-exchange materials. The same can be said about the 
decreasing trend of perm-selectivity. It is also seen that the perm-selectivity for CEM is 
higher than in the case of AEM. This fact could be related to the junction potential in 
reference electrodes since Kingsbury et al [36] showed that perm-selectivity values for 
AEMs were systematically lower than those for CEM when reference electrodes with 
junction were used. 
 
As for the transmission coefficient, in the case of CEM it seems to be slightly increasing 
with the concentration whereas for AEM it remains roughly constant. The osmotic 
permeability determined experimentally is the product of two parameters: mechanical 
permeance and salt transmission coefficient (see Eq. (3)). The lack of pronounced 
dependence of transmission coefficient on salt concentration is in disagreement with 
the classical Donnan-exclusion model. However, a qualitatively similar behaviour was 
also observed with Nafion 120 cation-exchange membrane [37]. 
 


















Fig.12 Properties determined for Type 10 Fujifilm AEM 
 
5. Conclusions 
Ion-exchange membranes are central elements of electro-membrane processes. For 
their optimization, it is important to have detailed information on the transport and 
equilibrium properties of ion-exchange membranes, in particular, separate information 
on the partitioning and diffusivity properties of the membrane with respect to ions. 
To obtain this information, a novel approach of non-stationary diffusion (tracked via 
transient membrane potential) under conditions of relatively small concentration 
differences has been developed. It allows for a relatively simple determination of 
effective salt diffusion and partitioning coefficients in addition to the ion perm-
selectivity, which is the only parameter provided by conventional stationary 
measurements of membrane potential. 
Osmosis was included in the mathematical model developed to interpret the results. 
This model has been validated via comparison with (quasi)analytical solutions available 
in limiting cases. Osmotic permeability was determined in separate experiments. 
Systematic studies have been carried out at various NaCl concentrations for two 
different types of membrane. The new method was validated via comparison with the 
literature, so it can be used for systematic characterization of ion-exchange membranes. 
List of symbols 
𝑎0: activity of base solution 
𝑎𝑖: activity at the interface membrane/porous support 
𝑎𝑠𝑡𝑒𝑝:  activity of step solution 
A: membrane mechanical permeance 
𝐶0: concentration of base solution 
𝐶𝑖: concentration at the interface membrane/porous support 
𝐶𝑚: concentration at the membrane surface 
𝐶𝑠: concentration in the porous support 
𝐶𝑠𝑡𝑒𝑝: concentration of step solution 
𝑐𝑋: fixed-charge concentration 
𝑑𝑓: glass frit diameter of the porous part 
𝐷𝑠
(𝑚): effective salt diffusion coefficient in the membrane without electrostatic correction 
𝐷𝑚: salt diffusion coefficient in the membrane 
𝐷𝑠: salt diffusion coefficient in the porous support 
𝐷𝑠
(𝑒𝑓𝑓)
: effective diffusion coefficient of salt in the frit (accounting for the porosity and 
tortuosity) 
𝐷+: diffusion coefficient of cation 
𝐷−: diffusion coefficient of anion 
𝐹: Faraday constant 
𝐻(𝜔): Fourier transform of unit-step function 
𝐽𝑠𝑎𝑙𝑡: salt molar flux 
𝐽𝑣 : osmotic flow 
K: osmotic permeability 
𝐿𝑚: thickness of the membrane 
𝐿𝑠: thickness of the frit 
𝑃𝑒: Péclet number 
r: model parameter defined by Eq. (A3) 
R: ideal gas constant 
t: time 
𝑡0: characteristic relaxation time defined by Eq. (A2) 
𝑡+
𝑚: transport number of positive ions in the membrane 
𝑡+
𝑏: transport number of positive ions in the frit 
𝑡𝑠𝑡𝑒𝑝: duration of the step (0.001 s) 
T: absolute temperature 
𝑇𝑚: salt transmission coefficient in membrane 
x : longitudinal coordinate 
𝑦 : concentration scaled on fixed-charge concentration 
𝑦0: concentration of base solution scaled on fixed- charge concentration  
𝑦𝑖: concentration at the interface scaled on fixed- charge concentration  
𝑦𝑠: concentration of step solution scaled on fixed- charge concentration  
 
Greek letters 
𝛼𝑚: chemical capacity of the membrane 
𝛼𝑠: chemical capacity of the frit 
𝛽: model parameter defined by Eq. (B10) 
𝛿(𝜔): delta function 
𝜃: model parameter defined by Eq. (B11) 
𝜑: electrical potential 
𝜑0: initial electrical potential difference 
𝜌: model parameter defined by Eq. (A4) 
𝛾: salt activity coefficient in the virtual solution 
𝛾𝑖: salt activity coefficient at the membrane/support interface 
𝛾0: salt activity coefficient at the initial concentration 
𝛾𝑠𝑡𝑒𝑝: salt activity coefficient of the non-equilibrium solution 
𝜈: stoichiometric coefficient 
𝛤±: partition coefficient 
𝜆: parameter defined by Eq. (XX) 
∆𝜇𝑆: relative salt chemical potential difference across the support 
𝜏: dimensionless time scaled on the characteristic relaxation time defined by Eq. (A2) 
𝜒: mechanical permeance 
𝜔: dimensionless circular frequency 
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Supplementary information.  
Model validation 
 
In this section, the model presented to interpret the data will be validated using 
different approaches. First, the PDE system resolution procedure suggested will be 
compared with a well-stablished model in the literature. The temporal response can be 
obtained through inverse Fourier transform provided that osmosis is disregarded 
[27,28]. Therefore, the PDE system will be numerically solved neglecting osmosis (K=0) 
and the obtained result will be compared with the inverse Fourier transform solution. 
Then, the concentration in the interface membrane/porous support will be determined 
assuming stationary conditions. The model based on the PDE resolution will be solved 
including osmosis and the results at very long times will be compared with the solution 
obtained assuming stationary conditions. The results must coincide. 
Model validation neglecting osmosis 
Previously, it was demonstrated that at negligible osmosis an analytical solution of Eq. 
(3) can be obtained via Fourier transforms. The Fourier transform of relative salt-
chemical-potential difference across the support, ∆𝜇𝑆, (scaled on the initial chemical-






        (A1) 
 
where 𝜔 is the dimensionless circular frequency defined as 𝜔 = 2𝜋𝑓𝑡0, 𝑓 is the 





𝟐               (A2) 











               (A4) 
where α is the chemical capacity, 𝐷 is the effective diffusion coefficient and L is the 











            (A5) 
is the Fourier transform of unit-step function. 


















      (A6) 
where 𝜏 ≡ 𝑡 𝑡0⁄ . This solution will be used below for the validation of the numerical 
procedure. 
𝛼𝑠 and 𝐷𝑠 were obtained from glass frit characterization (see Table 1), membrane and 
support thicknesses are also known (𝐿𝑚 = 150𝜇𝑚 and 𝐿𝑠 = 3.7𝑚𝑚), and for the 
validation purpose, 𝛼𝑚 and 𝐷𝑚 will be set arbitrarily.  
Then, the parameters 𝑟, 𝜌, 𝑡0 and 𝜏 are obtained and the inverse Fourier transform 
integral in Eq. (11) is taken numerically, obtaining as a result the salt chemical potential 
difference across the support. On the other hand, the direct numerical resolution of PDE 
with the boundary condition described above gives the time-evolution of concentration 
at the interface between membrane and support, 𝐶𝑖. Fig.11 presents the theoretical 
curves obtained by both methods. Both solutions are practically identical in all the cases. 
 
 
Fig.11 Concentration difference across the support scaled on the concentration step 
neglecting osmosis, calculated using inverse Fourier transform (dots) and direct PDE 
solution (lines) for: a) 𝜶𝒎 = 𝟎. 𝟓 𝑫𝒎 = 𝟓 · 𝟏𝟎−𝟏𝟑  𝒎𝟐 𝒔⁄ , b) 𝜶𝒎 = 𝟎. 𝟓 𝑫𝒎 = 𝟓 · 𝟏𝟎−𝟏𝟐  𝒎𝟐 𝒔⁄  and 
c) 𝜶𝒎 = 𝟎. 𝟓 𝑫𝒎 = 𝟓 · 𝟏𝟎−𝟏𝟏  𝒎𝟐 𝒔⁄  
 
Model validation accounting for osmosis 




+ 𝑱𝒗 · 𝑻𝒎 · 𝑪𝒎) = 𝑱𝑺𝒂𝒍𝒕              (A7) 
 
By solving Eq. (A7) in the membrane and support and using the boundary conditions of 
continuous concentration (at the interface) and constant salt flux (due to the steady 


















          (A8) 
Now, the model based on the PDE resolution will be solved including osmosis and the 
results will be validated by comparing with the solution of Eq. (A8). Taking into account 
osmosis requires adding two parameters: osmotic permeability, 𝐾, where the values 
determined experimentally will be used (see Table 2), and salt transmission coefficient, 





















Fig.12 Concentration at the interface between membrane and porous support 
obtained from PDE system resolution (solid line) and stationary value calculated with 
Eq. (18) (dotted line) for: a) 𝜶𝒎 = 𝟎. 𝟓, 𝑫𝒎 = 𝟓 · 𝟏𝟎−𝟏𝟑  𝒎𝟐 𝒔⁄ , b) 𝜶𝒎 = 𝟎. 𝟓, 𝑫𝒎 = 𝟓 ·
𝟏𝟎−𝟏𝟐  𝒎𝟐 𝒔⁄  and c) 𝜶𝒎 = 𝟎. 𝟓 𝑫𝒎 = 𝟓 · 𝟏𝟎−𝟏𝟏 𝒎𝟐 𝒔⁄  
 
Fig.12 shows the comparison between the PDE system solution and the value at steady 




In this section we evaluate the osmosis contribution by comparing the theoretical curves 
calculated taking into account osmosis and disregarding it. The parameters used in these 
calculations were obtained from the fitting of experimental data to the model (see 
above). 
Moreover, standard Donnan model will be used under stationary conditions to take into 
account the concentration dependence of membrane transport properties. This will 
help us understand some unexpected experimental behavior discussed below. 
Standard Donnan model assumes a Donnan-equilibrium at the membrane/solution 
interfaces [38]. Within the membrane there are fixed charge groups. Ion distribution 
coefficients are related to each other by the condition of local electric neutrality. All the 
ion distribution coefficients can be expressed through the Donnan potential.  
Stationary transport equations in the membrane and in the porous support can be 
written down in this way: 
𝑱𝒔𝒂𝒍𝒕 = −𝑷𝒔(𝒄) ∙
𝝏𝒄𝒎
𝝏𝒙












+ 𝑱𝒗 · 𝒄𝒔                             (B3) 
Where 𝐽𝑠𝑎𝑙𝑡 is the salt molar flux, 𝑐𝑚, 𝑐𝑠 are the concentration in the membrane and in 
the porous support respectively, 𝑥 is the longitudinal coordinate, 𝑃𝑠 is membrane 
permeability, 𝑇𝑠 is the salt transmission coefficient, 𝐷𝑠
𝑒𝑓𝑓
is the effective diffusion 
coefficient of salt in the porous support (accounting for porosity and tortuosity) and 𝐽𝑣 
is the osmotic flow. 
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               (B6) 
𝒚 ≡ 𝟐 · 𝒄 𝒄𝑿⁄                (B7) 
𝐷𝑠
(𝑚)
 is the effective salt diffusion coefficient in the membrane without electrostatic correction 
and 𝑐𝑋 is the fixed-charge concentration. 
The boundary conditions of continuous concentration and constant salt flux apply. The 
equation in the membrane is a first-order equation with separable variables that can be 
solved in quadratures, obtaining as a result a transcendental equation for the 






























𝑷𝒆 = 𝜽 ∙ [(𝒚𝒔 − 𝒚𝒊) − 𝜶 ∙ (√𝒚𝒔𝟐 + 𝟏 − √𝒚𝒊

















(𝒆𝒇𝒇)              (B11) 



















Fig.13 Osmosis effect on the time evolution of salt concentration at the interface 
between membrane and porous support for: a) 𝜶𝒎 = 𝟎. 𝟏𝟒, 𝑫𝒎 = 𝟗. 𝟕𝟒 ∙ 𝟏𝟎−𝟏𝟑  𝒎𝟐 𝒔⁄ , 
𝑻𝒎 = 𝟎. 𝟒𝟓 b) 𝜶𝒎 = 𝟎. 𝟑𝟗, 𝑫𝒎 = 𝟕. 𝟖𝟎 · 𝟏𝟎−𝟏𝟐  𝒎𝟐 𝒔⁄ , 𝑻𝒎 = 𝟎. 𝟓𝟗 and c) 𝜶𝒎 = 𝟎. 𝟔𝟎,  𝑫𝒎 = 𝟏. 𝟕𝟏 ·
𝟏𝟎−𝟏𝟏 𝒎𝟐 𝒔⁄ , 𝑻𝒎 = 𝟎. 𝟔𝟖 
As can be seen from Fig.13, there is a considerable impact, especially at shorter times, 
and in more dilute solutions whereas it becomes less pronounced when the 































which is logical since the osmotic flow goes in the opposite direction to the diffusion. 
The decrease of relative contribution of osmosis with increasing concentration has been 
less expected because usually osmosis gets more important with increasing 
concentration. The opposite trend in our case is primarily due to the strong increase of 
diffusion permeability of ion-exchange membrane with concentration. The bi-layer 
structure of our system also plays a role. This is illustrated by Fig.14 that shows relative 
difference between the stationary (very long time) values of interface concentration 
calculated by accounting for osmosis and disregarding it within the scope of classical 
Donnan model. 
Although Donnan model is not quantitatively applicable, it captures the strong 









Fig.14 Relative difference between interface concentration calculated considering 
osmosis and neglecting it (𝒄𝑿 = 𝟐𝟎𝟎𝟎 𝒎𝒐𝒍 𝒎𝟑⁄ , 𝑫𝒔
(𝒎)
= 𝟑. 𝟒𝟏 · 𝟏𝟎−𝟏𝟏  𝒎𝟐 𝒔⁄  ) 
One can see that within a broad concentration range the relative contribution of 
osmosis, indeed, decreases with increasing concentration. Moreover, at a concentration 
around C0=1M this contribution changes sign. This may explain the very weak impact of 
osmosis predicted at 𝐶0 = 1𝑀. 
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